A viscous-slip interface model is proposed to simulate the contact state between a tunnel lining structure and the surrounding rock. e boundary integral equation method is adopted to solve the scattering of the plane SV wave by a tunnel lining in an elastic half-space. We place special emphasis on the dynamic stress concentration of the lining and the amplification effect on the surface displacement near the tunnel. Scattered waves in the lining and half-space are constructed using the fictitious wave sources close to the lining surfaces based on Green's functions of cylindrical expansion and the shear wave source. e magnitudes of the fictitious wave sources are determined by viscous-slip boundary conditions, and then the total response is obtained by superposition of the free and scattered fields. e slip stiffness and viscosity coefficients at the lining-surrounding rock interface have a significant influence on the dynamic stress distribution and the nearby surface displacement response in the tunnel lining. eir influence is controlled by the incident wave frequency and angle. e hoop stress increases gradually in the inner wall of the lining as sliding stiffness increases under a low-frequency incident wave. In the high-frequency resonance frequency band, where incident wave frequency is consistent with the natural frequency of the soil column above the tunnel, the dynamic stress concentration effect is more significant when it is smaller. e dynamic stress concentration factor inside the lining decreases gradually as the viscosity coefficient increases. e spatial distribution and the displacement amplitudes of surface displacement near the tunnel change as incident wave frequency and angle increase. e effective dynamic analysis of the underground structure under an actual strong dynamic load should consider the slip effect at the lining-surrounding rock interface.
Introduction
Analyses of seismic damage incurred by disasters such as the Kobe earthquake, Chi-Chi earthquake, and Wenchuan earthquake have shown that underground structures might be severely damaged during strong earthquakes, resulting in massive economic and societal losses [1] [2] [3] [4] [5] . As the scope and scale of modern underground structures continually increase, the seismic design grows increasingly complex. In theory, wave scattering and dynamic stress concentration effects should be considered for large underground structures during the seismic wave propagation process. To this effect, it is of great significance to study the seismic response and hazards feature of underground structures.
In general, the calculation methods include the analytical method [6] [7] [8] [9] , finite element method [10] [11] [12] , finite difference method [13] [14] [15] , boundary element method [16] [17] [18] [19] , boundary integral equation method [20] [21] [22] [23] , etc. It is worth mentioning that all of these studies assumed that the lining and surrounding rock are completely bonded. In actuality, however, there are varying degrees of slip between the tunnel and surrounding rock-especially in the case of intense dynamic loading. Yi et al. [24] studied the dynamic response of a tunnel lining with a sliding interface under an incident P wave based on an interface contact model. Fang and Jin [25, 26] proposed a viscoelastic interface model to solve the dynamic response of a tunnel lining under different interface stiffness and viscosity coefficients with incident P and SV waves. Ping et al. [27] calculated the maximum moment and axial force of a circular shield tunnel under interface slip and no-slip states based on an equivalent sti ness circle.
It should be noted that the abovementioned research works based on interface contact models were mainly limited to deep-buried tunnels, while the response of shallow-buried tunnels di ers signi cantly from that of deep-buried ones [28] . Yi et al. [29] presented an analytical solution to the out-of-plane dynamic response of a shallow tunnel lining under the action of a plane SH wave including interface contact sti ness, incident angle, wave frequency, and tunnel depth as these factors a ect the dynamic stress concentration of the lining. Fang et al. [30] investigated a lined tunnel in a semi-in nite alluvial valley with an elasticslip interface and analyzed the dynamic stress distribution around the circular tunnel subjected to SH waves.
However, until now, few studies have explored the seismic response of shallow tunnels under incident SV waves with the interface-slipping model due to the complexity of multimode coupling and hybrid boundary conditions. We used an indirect boundary integral equation method (IBIEM) to solve the scattering of the plane SV wave by a tunnel lining in a half-space based on the viscous-slip interface model. is method had been used e ectively to solve the dynamic response of the tunnel structure [31, 32] .
is study aims to investigate the dynamic stress concentration e ect of the tunnel lining and the surface displacement ampli cation near the tunnel with a viscous-slip interface. We assessed the in uence of parameters such as incident wave frequency and angle, viscous-slip interface sti ness, and viscosity coe cient on the overall dynamic response of the lining and surrounding rock. is study can provide a theoretical basis for the seismic design of actual underground engineering structures under intense dynamic loads.
Calculation Model
As shown in Figure 1 , the elastic half-space contains an in nitely long tunnel lining. Both the lining and the halfspace are linearly isotropic homogeneous elastic media. e viscous-slip state between the tunnel and the surrounding rock can be assumed to consist of a series of linear springs and dampers. e parameters related to the half-space and the tunnel are shown in Table 1 .
Let the buried depth of the tunnel be d, the inner and outer radii of the lining be a 1 and a 2 , and the inner and outer boundary surfaces of the lining be S 0 and S, respectively. Assume that the plane SV wave is incident at an angle θ α from the half-space.
Calculation Method
In this study, we considered the cylindrical shear wave source in the half-space as the fundamental solution. e indirect boundary integral equation method and viscous-slip boundary condition were used to solve the scattering of plane waves by tunnel linings and the dynamic response around the tunnel lining [20] .
Wave Field Analysis.
e total half-space wave eld can be viewed as a superposition of a half-space free eld (without tunnel linings) and a scattering eld. We rst carry out a free eld analysis.
e shear wave potential function in the half-space is denoted as ψ (plane strain state), and the plane SV wave with circular frequency ω is incident at angle θ α . In the Cartesian coordinate system, the incident SV wave potential function can be expressed as follows:
For the sake of simplicity, the time factor exp(iωt) is omitted here. Incident plane SV waves generate re ected P waves and SV waves on the surface of the half-space. eir speci c expressions are shown in [16] .
Scattered elds are generated in the half-space of a lined tunnel and in the interior of the lining. e elds can be determined by superimposing all the expansion wave and shear wave sources on the virtual wave source surface inside and outside the lining, respectively. Assuming that the scattered eld in the half-space is generated by the virtual source face S 1 , the displacement and stress in the half-space are as follows:
where x ∈ D 1 and x 1 ∈ S 1 . b(x 1 ) and c(x 1 ) correspond to the density of P and SV wave sources at the x 1 position on the virtual wave source surface S 1 , respectively. G (s) i,l (x, x 1 ) and T (s) ij,l (x, x 1 ) denote Green's function of displacement and stress in the elastic half-space, respectively (lower scale index l 1 or 2 corresponding to P and SV wave sources i, j x, y), and function automatically satis es the wave equation and surface boundary conditions. e internal scattering field of the lining is obtained by superimposing the action of all the expansion wave sources and shear wave sources on the virtual wave source surfaces S 2 and S 3 . e internal displacement and stress of the lining are expressed as follows:
where x ∈ D 2 , x 2 ∈ S 2 , and x 3 ∈ S 3 . d(x 2 ) and e(x 2 ), respectively, correspond to the density of P and SV wave sources at the x 2 position on the virtual wave source surface S 2 . f(x 3 ) and g(x 3 ) correspond to the density of P and SV wave sources at the x 3 position on the virtual wave source surface S 3 . G (t) i,l and T (t) ij,l indicate the displacement and stress Green's functions in the lining, respectively. e total displacement and stress fields in the half-space are obtained by superposition of the scattered wave field and the free field in the half-space. e internal reactions of the lining are all generated by the scattered fields within it.
Boundary Conditions and Solutions.
We built a viscousslip interface model to determine the influence of the interface effect on the dynamic response. e lining and the half-space were connected by linear springs and dampers ( Figure 1 ). Spring and damper parameters are represented by stiffness and viscosity coefficients. In this model, the boundary conditions at the interface between the lining and the half-space (S) are as follows:
where superscripts s and t correspond to the half-space and the lining, respectively; k n and k t are the normal and tangential stiffness coefficients of the viscous-slip boundary; and δ n and δ t are the normal and tangential viscosity coefficients of the viscous-slip boundary, respectively. To secure a numerical solution to the problem, we first discretely separate the inner and outer surfaces of the lining and the virtual wave source surfaces S 1 , S 2 , and S 3 . e number of discrete points on the inner and outer surfaces of the lining is set to N, and the number of discrete points on the virtual wave source surfaces S 1 , S 2 , and S 3 is N 1 . e scattered displacement and stress fields in the half-space can be expressed as follows:
where x n ∈ S and x n1 ∈ S 1 (n � 1, . . . , N and n1 � 1, . . . , N 1 ). b n1 and c n1 are the density of P wave and SV wave sources at the n1th discrete point on the virtual source surface S 1 . Similarly, the scattering field inside the lining can be constructed from discrete wave sources on S 2 and S 3 . e scattering displacement and stress fields are
where x n ∈ S, x n2 ∈ S 2 , and x n3 ∈ S 3 (n � 1, . . . , N, n2 � 1, . . . , N 1 , and n3 � 1, . . . , N 1 ).
A linear system of equations can be obtained by synthesizing the above formulas:
where W 1 , W 2 , and W 3 are the displacement Green's influence matrix of the discrete points on the outer surface of the lining of the discrete wave source on S 1 , S 2 , and S 3 , respectively; B 1 , B 2 , and B 3 are boundary displacement matrices obtained from boundary conditions; H 1 , H 2 , and H 3 are the stress Green's influence matrix of the discrete points on the outer surface of the lining of discrete source points on S 1 , S 2 , and S 3 , respectively; T 2 and T 3 correspond to the stress-green-influenced matrix of the discrete points on the inner surface of the lining of the source points of S 2 and S 3 ; Y 1 , Y 2 , and Y 3 are the virtual wave source density vectors (to be determined) on S 1 , S 2 , and S 3 , respectively; and F is the free field vector. System (7) can be solved using the least-squares method.
e virtual wave source density is obtained, and then the scattered field is obtained. e total wave field can be obtained by superimposing the scattering Advances in Civil Engineeringeld and the free eld, and then the displacement and stress of the half-space and any point in the lining can be calculated.
Numerical Example and Validation
In this section, the ratio of the buried depth of the tunnel to the inner radius of the lining is d/a 1 1.0; the ratio of the inner and outer radii of the lining is a 1 /a 2 0.9. Poisson's ratios v of the half-space and the lining material are both 0.25. e material's hysteretic damping ratio is 0.001, and the density ratio of the half-space and lining material is ρ 1 /ρ 2 0.8. e ratio of the shear wave speed in the halfspace and the lining is c β1 /c β2 0.2. We de ne η as the dimensionless incident frequency η 2a 1 /λ 1 ωa 1 /πc β1 . η represents the ratio of the inner diameter of the tunnel to the half-space shear wavelength.
We de ne the dimensionless dynamic stress concentration factor (DSCF) as DSCF |σ θθ /σ 0 | |σ θθ /μk 2 β1 |. DSCF represents the absolute value of the ratio of the circumferential stress σ θθ of the lining hole to the amplitude σ 0 of the incident wave stress in the half-space; k * is the dimensionless sti ness factor of the viscous-slip interface, and k * k n a 1 /μ 1 k t a 1 /μ 1 ; and δ * is the dimensionless viscosity factor of the viscous-slip interface, and δ * δ t /a 1 δ n /a 1 . In this paper, the dimensionless sti ness factor k * is 1, 5, 10, and 20, respectively. e dimensionless viscosity factor δ * is 0. We found that the interface is essentially in a no-slip state when k * exceeds 20, so when the sti ness factor exceeds 20, we specify the interface is the no-slip state.
In order to verify the correctness of the IBIEM method, we rst let k * be 100 and δ * be 0, which is equivalent to the state of consolidation without slip, and then compare it with the state of no slip in [20] . To more fully prove the accuracy, we choose the spectrum analysis of the di erent locations of the lining and compare them with [20] . e calculation positions are at θ 90°(the top of the lining), 45°, 0°, −45°, and −90°(the bottom of the lining), respectively, as shown in Figure 2 . e DSCF of θ 90°(the top of the lining) and −90°( the bottom of the lining) is 0, so it is not shown in Figure 2 . As shown in Figure 2 , the results calculated by the IBIEM method are quite consistent with the results in [20] . is proves the correctness of our calculation method.
Numerical Analysis

DSCF of Inner and Outer Lining Wall Surfaces under
Single-Frequency Incident Wave 5.1.1. In uence of Sti ness Factor k * . Figures 3-6 show the distribution of DSCF in the inner and outer wall of a rigid lining under an incident SV wave. Among them, the dimensionless incident frequency η is 0.25, 0.5, 1, and 2, respectively. e incidence angle θ α is 0°and 30°, respectively;
As shown in Figures 3-6 , under an incident plane SV wave, the DSCF distribution curves of inner and outer wall surfaces of the lining are similar.
e inner wall stress amplitude is considerably larger than that of the outer wall. When the SV wave is incident at low frequency (η 0.25, 0.5), the DSCF of the inner lining wall surface increases as the sti ness factor k * increases while the DSCF of the outer wall decreases as k * increases. When η 0. When the SV wave is incident at high frequency (η 2), the DSCF curve on the inner and outer wall surfaces of the lining oscillates very sharply along the circumference of the hole. ere is no obvious relationship between the vibration regularity and k * . When the SV wave is inclined at an 
In uence of Viscosity Factor δ
* . Figure 7 shows the distribution of DSCF of the outer lining wall surface under an incident SV wave. e dimensionless incident frequency η is 0.25, 0.5, and 1, respectively; the incident angle θ α is 0°a nd 30°, respectively. e dimensionless sti ness factor k * 5, and the viscosity factor δ * is 1, 10, or 100. As shown in Figure 7 , the DSCF of the outer wall of the lining decreases gradually as interfacial viscosity factor δ * increases. However, the in uence of the viscosity factor δ * on the circumferential stress distribution of the lining gradually weakens as incident wave frequency increases. For example, when the SV wave is of low frequency (η 0. 
100.
Compared to the normal incidence, the in uence of the viscosity factor on the amplitude distribution of the circumferential stress of the lining weakens at oblique incidence. When the SV wave is incident at an angle of 30°, the spatial distribution of the circumferential stress of the lining is relatively gentle along the circumference of the hole. In the low-frequency region (η 0.25), when δ * 1, the DSCF of the outer wall is 23.99, which is equal to 1.3 times the value of 18.23 when δ * 100. When η 1 and δ * 1, the DSCF of the outer wall of the lining is 27.12, which is 1.1 times the corresponding value of 23.60 when δ * 100. Figures 8  and 9 show the in uence of the dimensionless sti ness factor k * on the DSCF at di erent positions of the inner and outer walls of the tunnel lining when the SV wave is perpendicularly incident in the spectrum state, and the viscosity factor δ * is 0. Calculation positions were same as in Section 3, and the DSCF of θ 90°(the top of the lining) and −90°( the bottom of the lining) is not shown in Figures 8 and 9 . Similar to our observations in the model without slipping, the stress of the lining is sensitive to changes in frequency.
Advances in Civil Engineering
Lining Internal DSCF Spectrum Analysis.
e spectrum curve also has obvious peaks and troughs. e peak frequency here corresponds to the natural frequency in the soil column above the lining [33] .
As shown in Figure 8 , under an SV wave with normal incidence, the interface slip sti ness factor k * signi cantly a ects the internal stress spectrum of the lining. When k * 1, the stress ampli cation e ect in the resonance reaction section is particularly obvious. At the rst-order resonance frequency (η 0.16), the stress peak at θ 45°r eaches 70.0; and at the η 0.96 resonance frequency, the stress at θ 0°has a peak of 77.2. e stress peak in the resonance band gradually decreases as the sti ness factor k * gradually increases. For example, when k * 20 (near the no-slip state), the stress peaks at the rst two resonance frequencies at θ 45°are approximately 63.4 and 34.0. When the sti ness factor is small, the restraining e ect of the lining on the upper soil column weakens and the response amplitude of the lining-upper soil column system in the resonant state is rather large, causing an increase in the corresponding stress amplitude.
e resonance frequency point also is o set to a certain extent as the sliding sti ness factor increases. When k * is 1, 5, and 10, the rst-order resonance frequency is 0.16, 0.18, and 0.20, respectively. is is due to the fact that the overall sti ness of the soil column above the lining increases as slip sti ness factor increases, and the stress spectrums of k * 6 Advances in Civil Engineering and k * 20 are similar. According to the spatial distribution, the stress spectrum curves at several typical observation points markedly di er. If the stress peak at θ 45°occurs at the rst-order natural frequency, the stress peak at θ 0°o ccurs at the second-order natural frequency. As shown in Figure 9 , the frequency variation rule of the DSCF spectrum curve of the outer wall is similar to that of the inner wall, but the outer wall DSCF spectrum is generally smaller than the inner wall. When k * is 1, 5, 10, and 20, the peaks of the inner wall DSCF reach 77.24, 65.65, 64.05, and 63.44 while the peaks of the outer wall DSCF are 64.14, 29.14, 24.87, and 22.33, respectively. Figure 10 shows the DSCF spectrum of the outer wall surface of the lining based on the in uence of the interfacial viscosity factor δ * , where the peak of the DSCF spectrum of the outer wall decreases as the viscosity factor δ * increases. When δ * is 1, 10, and 100, the DSCF peaks are 30.43, 21.10, and 20.57, respectively. Increase in the viscosity factor δ * causes greater energy loss during the sliding process, which in turn causes the DSCF of the lining surface to attenuate. Figures 11  and 12 show the surface displacement amplitude distribution above the tunnel lining as-a ected by interface slip sti ness factor k * under an incident SV wave. e surface displacement amplitude in the gure was standardized according to the displacement amplitude of the incident wave. e dimensionless incident frequency η is 0.25 and 0.5; the incident angle θ α is 0°and 30°, and the dimensionless slip sti ness factor k * is 1, 2, 10, and 20. e interface viscosity factor δ * is 0. Figures 11 and 12 show that when the SV wave has low frequency (η 0.25) at normal incidence, the spatial distribution of surface displacement is basically consistent under di erent slip sti ness. e variations in the sti ness factor k * have a considerable in uence on the horizontal and Advances in Civil Engineeringvertical displacement amplitudes of the ground surface near the lining. e standard amplitude |U x /A sv | of the horizontal displacement above the tunnel lining increases, while the standard amplitude |U y /A sv | as k * increases. e surface horizontal displacement amplitudes at k * 1, 5, 10, and 20 were 2.04, 2.23, 2.29, and 2.32, respectively, while the vertical displacement amplitudes were 1.71, 1.41, 1.27, and 1.16, respectively.
Displacement Amplitude of Ground Surface.
When the SV wave is incident at an angle of 30°and at a low frequency (η 0.25), any change in slip sti ness factor k * has little e ect on the horizontal displacement above the tunnel lining surface but does in uence the spatial distribution and amplitude of the vertical displacement. e in uence of k * gradually increases as the incident frequency of the SV wave increases (η 0.5) while the spatial distribution and amplitude of the lining's surface displacement also markedly change. e 30°oblique incidence has more signi cant e ects than the normal incidence. Take the vertical incidence of the SV wave (Figure 12(a) ) as an example: at the position of the lining directly above the surface (i.e., x 0), the horizontal displacement amplitude of the surface decreases as k * increases. e amplitude is 1.47 when k * 1, and the corresponding values for k * 5, 10, and 20 are 1.16, 1.05, and 0.98, respectively. Just above the two sides, the horizontal displacement amplitude increases as k * increases.
Conclusion
e boundary integral equation method was applied to solve the seismic response of a tunnel lining in an elastic halfspace under incident plane SV waves based on a viscous-slip interface model. e e ects of key factors such as incident wave frequency and angle, interface slip sti ness, and interfacial viscosity coe cient on the dynamic stress response of the tunnel lining in elastic half-space and the surface displacement near the tunnel lining were analyzed. Main conclusions can be summarized as follows: (1) e interface slip sti ness factor signi cantly a ects the dynamic stress distribution of the tunnel lining; the response characteristics are controlled by the incident wave frequency. When the slip sti ness is small, the internal stress of the lining changes very radically along the space around the hole, and the spatial distribution of the dynamic stress is highly complex. When the slip sti ness is large (k * ≥ 20), the dynamic response is close to that of the nonslip model. Under an incident low-frequency wave, increase in interface slip sti ness causes a gradual increase in the circumferential stress of the inner wall. e dynamic stress concentration is more signi cant in the no-slip state than the slip state. When the SV wave is incident with η 1 (close to the high-frequency resonant frequency band), the dynamic stress concentration e ect inside the lining is very significant when the interface slip sti ness coe cient is small (k * 1). Under high-frequency wave incidence (η 2), the in uence of slip sti ness coe cient on the dynamic stress of the lining is more complex and spatial oscillation of the dynamic stress is more severe. (2) e viscosity factor of the viscous-slip interface also has a signi cant in uence on the dynamic stress distribution of the tunnel lining. As the viscosity factor increases, the DSCF of the lining outer wall decreases gradually; however, this e ect gradually weakens as the incident wave frequency increases. e in uence of the viscosity coe cient under a normally incident plane SV wave is greater than that under a wave with oblique incidence. (3) e interface slip sti ness factor has a signi cant e ect on the DSCF spectrum characteristics of the tunnel lining surface. When the slip sti ness is small (k * 1), the dynamic stress ampli cation e ect in the high-frequency resonance reaction section is more obvious. e stress peak in the resonance band gradually decreases as the slip sti ness increases. e resonance frequency point is also o set to a certain extent as slip sti ness increases. (4) When the SV wave is incident at a low frequency, the spatial distribution of surface displacements above the lining under di erent slip sti ness is essentially constant, but the displacement amplitudes are quite di erent. Any increase in SV wave incident frequency and incidence angle has a signi cant e ect on both the spatial distribution of surface displacement near the lining and the amplitude of said surface displacement.
In this study, we analyzed only the 2D seismic response of a shallow lined tunnel based on the viscous-slip interface model of a uniform space in half-space. Similar seismic response analyses of uneven sites and 3D tunnels merit further research.
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